Laser-Doppler Measurements of the Decay of Velocity Fluctuations in Dilute Polymer Solutions by Berman, Neil S. & Cooper, Eugene E.
Missouri University of Science and Technology 
Scholars' Mine 
Symposia on Turbulence in Liquids Chemical and Biochemical Engineering 
01 Sep 1969 
Laser-Doppler Measurements of the Decay of Velocity 
Fluctuations in Dilute Polymer Solutions 
Neil S. Berman 
Eugene E. Cooper 
Follow this and additional works at: https://scholarsmine.mst.edu/sotil 
 Part of the Chemical Engineering Commons 
Recommended Citation 
Berman, Neil S. and Cooper, Eugene E., "Laser-Doppler Measurements of the Decay of Velocity 
Fluctuations in Dilute Polymer Solutions" (1969). Symposia on Turbulence in Liquids. 41. 
https://scholarsmine.mst.edu/sotil/41 
This Article - Conference proceedings is brought to you for free and open access by Scholars' Mine. It has been 
accepted for inclusion in Symposia on Turbulence in Liquids by an authorized administrator of Scholars' Mine. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 
LASER-DOPPLER MEASUREMENTS OF THE DECAY OF VELOCITY FLUCTUATIONS IN DILUTE
POLYMER SOLUTIONS*
N e il  S . Berman** and Eugene E . C ooper+  
A r iz o n a  S ta te  U n iv e r s i t y ,  Tem pe, A r izo n a
ABSTRACT
F in i t e  d is t u r b a n c e s  w ere  g e n e ra te d  in  a p ip e  c o n t a in in g  w a te r  o r  a 20 ppm 
s o l u t i o n  o f  S eparan  AP-30 in  w ater b y  o s c i l l a t i n g  a s l e e v e  a t  th e  w a l l .  The 
s l e e v e  a m p litu d e  in  the a x i a l  d i r e c t i o n  v a r ie d  from  0 .5  to  2 .0  in ch e s  and the 
fr e q u e n c y  from  0 .2 5  t o  1 .0  H z. Downstream  o f  the s l e e v e  o s c i l l a t i o n s  in  the 
f l u i d  v e l o c i t y  w ere m easured w ith  a la s e r  D o p p le r  flo w m e te r  a t  v a r io u s  a x ia l  
and r a d i a l  p o s i t i o n s  to  d ete rm in e  b e h a v io r  a t  the low er fr e q u e n c y  p a r t  o f  the 
s t a b i l i t y  c u r v e  f o r  w a te r . The re s p o n s e  a m p litu d e , ph ase  a n g le  and th e  mean 
v e l o c i t i e s  w ere m easured f o r  b o th  f l u i d s  a t  R ey n o ld s  numbers from  500 to  2100. 
The w a te r  re s p o n se  was fr e q u e n c y  d ep en d en t in  the e x p e r im e n ta l ra n g e .
T r a n s i t io n s  from  w e l l  d e f in e d  v e l o c i t y  f l u c t u a t io n s  fo l lo w in g  th e  d is tu r b a n ce  
fr e q u e n c y  t o  random re s p o n s e s  w ere n o te d  as th e  fr e q u e n c y  changed  from  0 .2 5  
Hz to  1 .0  Hz. The d i lu t e  polym er s o lu t io n s  showed red u ced  r e s p o n s e  a m plitu des  
and alw ays had w e l l  d e f in e d  f lu c t u a t i o n s  in d ic a t i n g  th a t  the s t a b i l i t y  lim it  
i s  a t  a h ig h e r  fr e q u e n c y  than  that f o r  w a te r .
INTRODUCTION
E x perim en ta l m easurem ents o f  th e  b e h a v io r  o f  d is t u r b a n c e s  in  p ip e  flow s 
o f  l i q u id s  a re  ra r e  a lth o u g h  th ere  have been  many t h e o r e t i c a l  s t u d ie s .  The
h i s t o r y  o f  the p rob lem  f o r  N ew tonian  f l u id s  has been o u t l in e d  r e c e n t ly  by
1 2 D ix o n  and H elium s. Other r e c e n t  w orks by D avey and D razen  and F ox, L essen
and Bhat^ have c o n t r ib u t e d  t o  the p r e s e n t  u n d e rsta n d in g  o f  the s t a b i l i t y  o f
d is t u r b a n c e s  in  P o i s e u i l l e  f l o w .  In  b r i e f ,  " s m a ll  a x is y m n e t r ic ”  d is tu r b a n ce s
in  P o i s e u i ' l e  flo w  a r e  a p p a re n tly  a lw a ys s t a b l e  both e x p e r im e n t a lly  and
a n a l y t i c a M y .  D ecay ra te s  and wave sp eeds a re  fu n c t io n s  o f  R ey n o ld s  number
and fre q u e n cy  O ther d is tu r b a n c e s  w hich  g iv e  r i s e  to  n o n - l in e a r  o s c i l l a t i o n s
a re  s t a b le  f o r  a l l  a m p litu d e s  and f r e q u e n c ie s  below  a R ey n o ld s  number near
2000 The o n s e t  o f  I n s t a b i l i t y  i s  fr e q u e n cy  and a m p litu d e  dep en den t a t
h ig h e r  R ey n o ld s  num bers.
The s ta te m e n ts  above f o r  n o n -"s m a ll a x is y m n e t r i c "  d is t u r b a n c e s  can  be 
in f e r r e d  from  Che s o lu t io n  t o  the n o n - l in e a r  problem  by D ixon  and H elium s and 
by the e x p e r im e n ts  o f  Fox. L essen  and Bhat on  an a x im u th a lly  p e r io d ic  d is t u r b ­
a n ce . The f i n i t e  d i f f e r e n c e  te ch n iq u e  o f  D ix o n  was used to  s tu d y  the a m pli­
tu d e  dep en den ce  o f  the i n s t a b i l i t y  a t  a f i x e d  fr e q u e n c y , w h ile  F ox , e t  a l . . 
v a r ie d  the fr e q u e n c y  e x p e r im e n ta lly  and o b se rv e d  the grow th o r  d eca y  o f  d i s t u r b ­
a n c e s .  M easurem ents in  a i r  by L e i t e 4 showed some o f  the same e f f e c t s  but few 
q u a n t i t a t i v e  r e s u l t s  were g iv e n  f o r  la rg e  d i s t u r b a n c e s .  The t h e o r e t i c a l  
p ro b le m  f o r  non-N ew tonian  f l u i d s  has not been  so lv e d  and no e x p e r im e n ta l data  
a re  a v a i l a b l e .  D i 'u t e  polym er s o lu t io n s  a re  o f  in t e r e s t  b eca u se  they  have
* T h is  w ork has been  p a r t i a l l y  su p p o rte d  by th e  U n iv e r s ity  G rants C o o s lt t e e  o f  
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u n u su a l f l o w  p r o p e r t ie s  when the polym er c o n c e n t r a t io n s  a re  low .
The w ork  to  be p r e s e n te d  h ere  was u n d erta k en  to  d e term in e  e x p e r im e n ta lly  
the e f f e c t  o f  v a r y in g  the fr e q u e n c y  and a m p litu d e  o f  a d is t u r b a n c e  on 
P o i s e u i l l e  f l o w  o f  w a te r  and s o lu t io n s  o f  po ly m e rs  in  w a te r . To a cco m p lish  
t h i s  o b je c t i v e  a m ethod o f  m easurem ent w hich  d o e s  n ot d is t u r b  the flo w  and 
ca n  f o l lo w  f l u c t u a t i o n s  a t  a p o in t  i s  r e q u ir e d .  The la s e r  D o p p le r  flo w m e te r  
m eets  th ese  q u a l i f i c a t i o n s .  A ls o  a d is tu r b a n c e  g e n e ra to r  was needed w h ich  
w ou ld  a c tu a te  the s lo w e s t  d e c a y in g  modes o f  o s c i l l a t i o n  a t  the c e n t e r  o f  the 
p i p e .  The w ork  o f  F o x , L e sse n  and Bhat showed the low end o f  fr e q u e n c y  
d ep en den ce  o f  the n e u t r a l  s t a b i l i t y  curve  t o  be between 0 .2  and 1 Hz. Ttiis 
w ork  i s  c o n f in e d  t o  th ese  low  fr e q u e n c ie s .
EXPERIMENTAL APPARATUS
L a s e r  D o p p le r  Instrum ent
The la s e r  D o p p le r  in stru m e n t used in  t h i s  w ork was c o n s t r u c te d  by 
Berman and S a n to s .^  R ecent re v ie w s  by D av is^  and P ik e , £ t  a _ l - ,7 d is c u s s  
th e  th e o ry  and a p p l i c a t i o n  o f  the in stru m en t. F ig u re  1 shows the o p t i c a l  
a rrangem ent o f  the la s e r  D o p p le r  flow m eter used in  t h is  s tu d y . O nly the 
v e l o c i t y  o f  p a r t i c ' e s  in  th e  a x i a l  d i r e c t i o n  in  Ihe p la n e  form ed by the 
in t e r s e c t i o n  o f  th e  s c a t t e r e d  and u n sc a tte r e d  beams i s  m easured . O p t ic a l  
h e te r o d y n in g  o f  th e s e  beams a t  the ph ototu b e  p ro d u ce s  a fr e q u e n c y  s h i f t  p r o ­
p o r t io n a l  t o  the v e l o c i t y .  The la s e r  was a P e rk in  Elmer M odel 5220 and the 
d e t e c t o r  a RCA 7265 p h o t o m u lt ip l ie r  tube.
In  o r d e r  to  a l l o w  tape  r e c o r d in g  o f  la m in ar flo w  fre q u e n cy  s h i f t s  and to  
o b t a i n  the maximum s ig n a l t o  n o is e  r a t i o  f o r  the m easurem ents, the a n g le  0 was 
k e p t  between 8 °  and 10° as m easured in  a ir  and the two le n se s  shown in  F ig . 1 
had f o c a l  le n g th s  on  the o r d e r  o f  12 cm. The s c a t t e r in g  volume then re p r e s e n te d  
a p p r o x im a te ly  the in t e r s e c t i o n  o f  two c y l in d e r s  20 m icrons in  d ia m eter  m eetin g  
a t  an  a n g le  o f  s i x  d e g r e e s .  Under these c o n d i t i o n s  the fr e q u e n c y  s p e c t r a  at 
th e  tube c e n t e r  in  s tea d y  la m in ar flo w  was broadened  le s s  than 4%, but the 
b ro a d e n in g  in c r e a s e d  to  307. a t  a r a d ia l  d is t a n c e  from  the c e n t e r  o f  757. o f  the 
tu b e  r a d iu s . At d i s t a n c e s  c l o s e r  to  the w a l l  the broad s ig n a l i s  d i f f i c u l t  to  
in t e r p r e t  and becom es o b scu r e d  by low fr e q u e n c y  n o is e .
F requency  m easurem ents in  lam inar flo w  t o  determ in e  s te a d y  v e l o c i t i e s  o r  
s p e c t r a  bandw idths w ere o b ta in e d  w ith  a S in g e r  M e tr ic s  Panoram ic Model SB 15a 
S p e c t r in  A n a ly z e r . To m easure unsteady  f lo w s  a co n tin u o u s  measurement o f  f r e ­
q u e n cy  is  n e c e s s a r y  but a fr e q u e n c y  m eter r e q u i r e s  a s ig n a l much la r g e r  than 
th e  one to  te n  m i l l i v o l t s  o u tp u t  o f  the p h o t o m u l t ip l i e r .  A system  c o n s i s t i n g  
o f  a H ew lett Packard M odel 3410A m ic ro v o ltm e te r  co u p le d  to  a fr e q u e n cy  m eter 
was found t o  be a deq u ate  t o  f o l lo w  the u n stea d y  f lo w s . The m icrovolerne t e r  was 
u se d  as a t r a c k in g  a m p l i f i e r  w hich would p r o d u c e  a fo u r  v o l t  square  wave o u tp u t s i t  
n i l  a t  the same fr e q u e n c y  as the in p u t . P e g g in g  the m eter at the h ign  end was 
n e c e s s a r y  t o  in su re  t r a c k in g  o f  the h eterod y n e  s ig n a l from  the la s e r  when the
PHOTOMULTIPLIER
F i g .  1. L a s e r  D opp le r  f l o w m e t e r  s c h e m a t i c .
s i g n a l  s t r e n g t h  was v a r y i n g .  A l t h o u g h  the t r a c k i n g  sy ste m  wou ld  work when 
the s i g n a '  d i r e c t L y  from the p h o t o m u l t i p l i e r  was u s e d ,  i t  was u s u a l l y  d e s i r ­
a b l e  to  a m p l i f y  t h i s  s i g n a l  f i r s t .  The tape r e c o r d e r  a m p l i f i e r  was used a s  
a low n o i s e  a m p l i f i e r  in  the f r e q u e n c y  rang e o f  i n t e r e s t .
In  summary ta e  h e te ro d y n e  s i g n a l  was a m p li f ie d  ( o r  r e c o r d e d  and then 
a m p l i f i e d )  to  0 .1  v o l t  o r  more and p r o c e s s e d  th rou g h  the t r a c k in g  m ic r o ­
v o lt m e t e r .  The 4 v o l t  square w ave s ig n a l  a t  the same fr e q u e n c y  as the mean 
o f  the h e te ro d y n e  s ig n a l  was s e n t  t o  a H ew lett P ackard  5210A fr e q u e n c y  m eter 
and the a m p litu d e  v s . tim e o u tp u t  was r e c o r d e d . A l l  m easurem ents w ere taken  
in  the same m anner. At the c e n t e r  o f  the tu b e  the f lu c t u a t i o n s  re c o rd e d  
w ere l e s s  tnan 17. f o r  lam inar f lo w  and a p p r o x im a te ly  47. f o r  f u l l y  d e v e lo p e d  
t u r b u le n c e .  As the tube w a ll was approach ed  the f l u c t u a t i o n s  in c r e a s e d  and 
the t r a c k in g  r e c o r d in g  system  gav e  m easurem ents h ig h e r  than the mean o f  the 
sp ectru m  when d i s p la y e d  on tne sp ectru m  a n a ly z e r .
Flow  System
The flo w  was c o n t r o l l e d  by s h o r t  le n g th s  o f  c a p i l l a r y  tube a t  the 
e n tra n ce  to  a lo w e r  c o n s ta n t  head tank o f  a c o n s t a n t  head sy stem . An upper 
c o n s t a n t  head tank was 8 f e e t  a b o v e  the low er o n e . The f l u i d s  w ere pumped 
from  a low er r e s e r v o i r  up to  th e  upper tank by a c e n t r i f u g a l  pump in  the 
c a s e  o f  pure w a te r  and by a r o l l e r  pump a t  1 0 0 -2 00  rpm f o r  the d i l u t e  po ly m er 
s o l u t i o n s .  P l a s t i c  tu b in g  3 /8  in ch  in s id e  d ia m e te r  was used  in  th e  r o l l e r  
pump.
TVio d i f f e r e n t  t e s t  s e c t io n s  w ere  used in  the s tu d y . The f i r s t  was a 1 - in c h  
in s id e  d ia m e te r  g la s s  p ip e  ten  f e e t  lo n g  and the se co n d  was made from  th re e  
s e c t i o n s  o f  g la s s  tube 1 .38  cm in s id e  d ia m e te r  f o u r  f e e t  lo n g .  The s e c t i o n s  
w ere  jo in e d  to g e t h e r  w ith  5 /8  in c h  Sw agelok f i t t i n g s  m achined to  f i t  the 
in s id e  arxi o u t s id e  d ia m e te rs  o f  th e  tu b e s . The tu b e s  w ere s e l e c t e d  from  
sta n d a rd  pyrex  tu b e s  so  that th e  ends d i f f e r e d  by l e s s  than .00 2  in c h e s  in  i n ­
s id e  d ia m e te r . The tube w hich was b e in g  used was m ounted on  an aluminum
ch a n n e l w h ich  was se cu re d  t o  a m i l l i n g  t a b l e .  The t a b le  c o u ld  be moved so  
th a t  th e  s c a t t e r in g  volum e f o r  th e  la s e r  D o p p le r  in s tru m e n t  was lo c a t e d  a t  
d i f f e r e n t  r a d i a l  p o s i t i o n s  a c r o s s  the t u b e .  Under the c o n d i t i o n s  o f  the 
t e s t s  th e  R e y n o ld s  number c o u ld  be changed  from  z e r o  t o  4 0 0 0 . Lam inar f lo w  
c o u ld  b e  s u s t a in e d  up to  the h ig h e s t  R e y n o ld s  number u n d e r  p ro p e r  c o n d i t i o n s .  
Some t e s t s  w ere co n d u cte d  when i n t e r m i t t e n t  tu rb u le n ce  o r  perm anent tu r b u le n t  
f lo w  was p r e s e n t .  In both  the p u re  w a te r  and the d i l u t e  polym er s o l u t i o n  
p o ly s t y r e n e  s p h e r e s  0 .5 0 0  m ic r o n s  in  d ia m e te r  w ere  added in  a c o n c e n t r a t io n  
o f  1 :5 0 ,0 0 0  to  in c r e a s e  the i n t e n s i t y  o f  s c a t t e r e d  l i g h t .  The o n ly  polym er 
s o l u t i o n  r e p o r t e d  h ere  was a 20 ppm s o l u t i o n  o f  S eparan  A P -30  in  w a te r .
S eparan  AP-30 i s  a p a r t i a l l y  h y d r o ly z e d  p o ly a c r y la m id e  o f  m o le c u la r  w e ig h t  
1 -  3 x  106 made by Dow C h e m ica l Company. Both w a te r  and the p o ly m er s o l u ­
t io n s  gave  the same flo w  r a t e s  when used w ith  th e  same c a p i l l a r i e s  in  the 
f lo w  sy ste m . The f lo w  r a t e s  w e re  m easured by c o l l e c t i n g  and w e ig h in g  the 
f l u i d  o v e r  a m easured p e r io d  o f  t im e . V a r ia t i o n s  o f  l e s s  than 1% w ere fou n d  
o v e r  s e v e r a l  d a y s  o f  t e s t i n g .
D is tu rb a n c e  G e n e ra t io n
The d is t u r b a n c e  was c r e a t e d  by o s c i l l a t i n g  a s le e v e  in s id e  th e  p ip e .  F or 
the o n e - in c h  p i p e  the s l e e v e  was a t w o -in ch  lon g  b ra ss  c y l i n d e r ,  0 .0 2 0  in ch e s  
t h ic k  and 0 .9 8 5  in ch e s  o u t s id e  d ia m e te r  w ith  a 0 .2 5  in ch  s t e e l  s e c t i o n  ru n n in g  
i t s  le n g t h . F o r  the sm a ll tu b e  a s im ila r  s l e e v e  was made one in ch  in  le n g th  
and 0 .0 4 0  in c h e s  t h ic k .  F ig u re  2 shows th e  s l e e v e  and m a g n e tic  c o u p l in g  to  
su p p ly  the m o t io n . Smooth m o t io n  c o u ld  be a ch ie v e d  o n ly  i f  s t r ip s  o f  t e f l o n  
ta p e , .0 0 2  in c h e s  t h ic k ,  w ere g lu e d  on e i t h e r  s id e  o f  th e  s t e e l  s e c t i o n .  The 
p e r i o d i c  m o tio n  was s u p p l ie d  by  a S co tch  y ok e  d r iv e n  by a  c o n s ta n t  sp eed  m o to r .
A t sp eed s  o f  0 .2 5 ,  0 .5  and 1 .0  Hz th e  d is t u r b a n c e  fr e q u e n c y  v a r ia t i o n  
was l e s s  than +  5% o v e r  th e  tim e o f  the m easurem ents. A b ov e  1 .0  Hz the s l e e v e  
movement was e r r a t i c .  As a r e f e r e n c e  the maximum p o in t  in  the c y c l e  was 
r e c o r d e d  a lo n g  w ith  the v e l o c i t y  m easurem ents. The ph ase a n g le  and wave 
speed c o u ld  th en  be d e te r m in e d . A t th ese  low fr e q u e n c ie s  the r e f e r e n c e  was 
c a l l e d  o u t  v o c a l l y  and r e c o r d e d  on  tape o r  by a secon d  o p e r a t o r .
F ig .  2 . D is tu rb a n c e  g e n e r a t o r .
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EXPERIMENTAL RESULTS .40
E x te n s iv e  m easurem ents have b e e n  made u s in g  p u re  w a te r  and 20 ppm S eparan  
In  w a te r  a t  R ey n o lds  numbers f o r  w a te r  o f  5 70 , 1060, 2100, and 4 0 0 0 . The 
f i r s t  two w i l l  be r e f e r r e d  to  as 500  and 1000 in  th e  te x t  f o r  c o n v e n ie n c e . 
D is tu rb a n c e  a m p litu d e s  o f  1 .0  in ch  and 1 .5  in ch e s  w ere  used a t  f r e q u e n c ie s  
o f  0 .2 5 ,  0 .5  and 1 .0  Hz f o r  m ost t e s t s .  Some da ta  w ere a l s o  o b ta in e d  w ith  0 .5  
and 2 in ch  a m p litu d e s . I t  w ould b e  im p o s s ib le  to  p r e s e n t  a l l  the d a ta  in  a 
m e a n in g fu l form , s o  o n ly  s e l e c t e d  r e s u l t s  a re  g iv e n  h e re . E xcep t f o r  
m is c e l la n e o u s  t e s t s  the fr e q u e n c y  and a m p litu d e  w ere f ix e d  and m easurem ents 
w ere  made a t  v a r io u s  r a d ia l  p o s i t i o n s  a t  a f ix e d  d is t a n c e  dow nstream  o f  the 
d i s t u r b a n c e .  These m easurem ents w ere  re p e a te d  a t  d i s t a n c e s  fu r t h e r  dow nstream . 
A t y p i c a l  d a ta  p o in t  i s  shown in  F ig .  3 . The a m p litu d e , u ' , mean v e l o c i t y ,
Uq , and ph ase  a n g le  w ere s c a le d  fro m  the t r a c e  as shown on th e  f i g u r e .
A m p litu d e s , mean v e l o c i t i e s  and ph ase a n g le s  v a r ie d  r a d i a l l y  and a x i a l l y .  
T y p ic a l  r e s u l t s  f o r  the d is t u r b a n c e  a m p litu d e  com p arin g  pu re  w ater and a 
f r e s h  20 ppm Separan  AP-30 s o l u t io n  a re  shown in  F ig .  4 . In  a l l  the i l l u s t r a ­
t io n s  th e  f l u c t u a t i o n  a m p litu d e s  and mean v e l o c i t i e s  a re  d iv id e d  by the a vera g e  
v e l o c i t y .  At a R e y n o ld s  number o f  1000 in  the o n e -in c h  p ip e ,  0 .5  Hz, 1 .5  
in ch  a m p litu d e , th e  polym er s o l u t i o n  i s  c o n s id e r a b ly  damped. A lth ou g h  th e re  
i s  s t r u c t u r e  to  th e  c u r v e s ,  the b e h a v io r  a t  the c e n t e r l i n e  i s  r e p r e s e n ta t iv e  
o f  the b e h a v io r  a c r o s s  the p ip e .
The s i t u a t i o n  i s  the same f o r  the mean v e l o c i t i e s .  The p r e se n c e  o f  the 
the s l e e v e  lead s t o  a mean v e l o c i t y  p r o f i l e  a f t e r  the s le e v e  more p o in te d  
than f o r  f u l l y  d e v e lo p e d  f lo w . A " s m a ll "  d is t u r b a n c e  w ould le a v e  th e  v e l o c i t y  
p r o f i l e  u n d is tu r b e d , w h ile  a la r g e  d is t u r b a n c e  w ould change the p r o f i l e .  F ig .
5 shows th e  mean p r o f i l e  f o r  the same c o n d i t i o n s  a s  F ig .  4 .  The e f f e c t  on the 
v e l o c i t y  p r o f i l e  i s  much g r e a t e r  f o r  pu re  w ater than  f o r  the polym er s o l u t i o n .  
The p o ly m e r s o l u t io n  has a b lu n t  p r o f i l e  in  u n d istu rb e d  f lo w  com pared to  the 
w a te r  a s  r e p o r te d  by Berman® p r e v io u s ly .  A gain  the c e n t e r l in e  b e h a v io r  can  
be used t o  d e s c r ib e  the dow nstream  d e ca y  o f  the d is t u r b a n c e .
1 1 I J__I__L
R e fe re n c e  signal
F ig .  4 . R a d ia l d i s t r i b u t i o n  o f  r e s p o n se  a m p litu d es , 1 .0 - in ch  d ia m e te r  p ip e .
F ig . 3 . T y p ic a l  r e s p o n se  s ig n a l .
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F ig . 5 . V e lo c i t y  p r o f i l e s  o f  w ater and 20 ppm Separan , 
d i s a s t e r  p ip e
1000, 1 .0 - in ch
F ig u re s  6 and 7 show d e t a i l e d  m easurem ents a t  the c e n t e r l i n e  from  4 t o  
20 d ia m e te r s  dow nstream  o f  th e  d i s t u r b a n c e .  The dow nstream  d i s t a n c e  is  
m easured from  th e  mean p o s i t i o n  o f  th e  m ost fo rw a rd  p a r t  o f  the d is t u r b a n c e  
g e n e r a t o r .  B oth  s e t s  o f  c u r v e s  show dow n stream  o s c i l l a t i o n s  w ith  a wave 
le n g th  a p p r o x im a te ly  th e  same a s  the w ave le n g th  m easured by d e te r m in in g  th e  
dow nstream  d i s t a n c e  f o r  a ph ase  s h i f t  o f  3 6 0 ° . A p lo t  o f  ph ase a n g le  v s .  
dow nstream  d i s t a n c e  i s  a s t r a i g h t  l i n e  f o r  the c e n t e r  l i n e  w ith  wave le n g th s  
o f  6 .0  d ia m e te r s  f o r  th e  0 .2 5  Hz and 2 .7  d ia m e te r s  f o r  th e  0 .5  Hz d is t u r b a n c e s  
shown in  F ig s .  6 and 7 . Phase a n g le  m easurem ents a t  d i f f e r e n t  r a d i a l  p o s i t i o n s  
show a c o n s t a n t  phase a n g le  fr o m  the c e n t e r l i n e  to  r /R  o f  0 .4 .  Then the ph ase  
a n g le  in c r e a s e s  f o r  the d i lu t e  polym er s o l u t i o n .  Pure w a te r  shows v a r ia t i o n s  
in  p h a se  a n g le  a c r o s s  th e  tube a lo n g  w ith  ch a n g e s  in  the s t r u c t u r e  o f  the 
w aves. These w i l l  be d is c u s s e d  la t e r .
In  the s m a lle r  tu b e  o f  d ia m e te r  1 .3 8  cm com pared to  2 .5 4  cm o f  the 
la r g e r ,  the 0 .5  Hz d i s t u r b a n c e  a g a in  had a much h ig h e r  a m p litu d e  in  w a te r  
than th e  d i l u t e  po ly m er s o l u t i o n  as shown on F ig .  8 . The d is t u r b a n c e  a m p li­
tude was 1 in c h  f o r  t h is  c a s e .  Here th e  w ave le n g th  was a p p r o x im a te ly  15 
d ia m e te r s  f o r  b oth  w a te r  and th e  d i l u t e  p o ly m e r . S in c e  the a v e r a g e  v e l o c i t y  
was much g r e a t e r  than  th a t  f o r  the la r g e r  p i p e ,  the wave le n g th  w ould be 
lo n g e r .  The s t r u c t u r e  d o e s  n o t  show up s in c e  o n ly  a l i t t l e  more than one 
c y c l e  i s  shown but the r e l a t i v e  p o s i t i o n s  o f  th e  maxima d o  a p p e a r  on t h is  
g ra p h . N ote th a t  th e  d i l u t e  p o ly m e r  maximum o c c u r s  b e fo r e  th a t  o f  pure w a te r . 
M easurem ents fu r t h e r  dow nstream  in d i c a t e  ra p id  d e ca y  and no f u r t h e r  e v id e n c e  
o f  th e  w aves w h ich  w ere  found when th e  15 d ia m e te r  dow nstream  d i s t a n c e  r e p r e s e n t e d  
5 c y c l e s  and n o t  o n e . When 0 .2 5  and 1 .0  Hz d is t u r b a n c e s  w ere u s e d , the 
d i l u t e  polym er c u r v e s  showed s m a lle r  a m p litu d e s  than the w a te r  c u r v e s ;  b u t  
the d i f f e r e n c e s  w ere on  the o r d e r  o f  o n ly  20Z .
Z/d
F ig . 6. C e n t e r lin e  mean v e l o c i t y  dev e lopm en t f o r  20 ppm Separan a t  • 1000,
l . 0 - i n c h  d ia m e te r  p ip e .
V d
F ig .  7. C e n t e r lin e  re s p o n se  a m p litu d e  f o r  20 ppm Separan a t  Ng(  “  1000, 1 .0 - F ig .  8 . C e n t e r l in e  re s p o n a e  a m p litu d e  f o r  20 ppm Separan  a t  Nge -  1000
i nc h d i te r  p ip e . 1 .3 6 -cm d ia m e te r  tu b e .
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The d a ta  a t  R ey n o ld s  n u a b e rs  f o r  w ater o f  500 and 1000 w ith  the d i lu t e  
p o ly m e r s o lu t io n  a t  th e  sane f lo w  r a t e  show th e  same tre n d s  f o r  b oth  su b s ta n ce s . 
O nly  the m agnitude I s  re d u ce d  in  the d i lu t e  polym er c a s e .  T h ere  i s  l i t t l e  
e f f e c t  o f  d is t u r b a n c e  a m p litu d e  in  th e  range 1 .0  in ch  t o  2 in c h e s  f o r  the 0 .2 5  
and 1 Hz f r e q u e n c ie s .  The 0 .2 5  Hz d is t u r b a n c e  does n o t  a f f e c t  the mean 
v e l o c i t y  p r o f i l e  a p p r e c ia b ly  and th e  a m p litu d e  o f  the re s p o n se  i s  low . At 
0 .5  in ch  d is t u r b a n c e  a m p litu d e  the re s p o n se  a m p litu d e  i s  low er than th a t  fo r  
th e  o th e r  d is t u r b a n c e  a m p litu d e s  f o r  t h is  0 .2 5  Hz fr e q u e n c y . The 0 .5  Hz 
fr e q u e n c y  has the m ost n o t i c e a b le  e f f e c t  o f  th e  th ree  t e s t e d .  D is tu rb a n ce  
a m p litu d e s  a re  o f  im p o rta n ce . From 0 .5  to  1 .5  in ch e s  in c r e a s in g  the a m plitude  
in c r e a s e s  the r e s p o n s e  a m p litu d e , b u t  the 2 .0  in ch  d is t u r b a n c e  a m p litu d e  lead s 
to  a r e d u c t io n  in  th e  re s p o n s e . The mean p r o f i l e s  a re  changed s i g n i f i c a n t ly  
in  a l l  c a s e s  o f  the 0 .5  Hz f r e q u e n c y ;  in c r e a s in g  the d is t u r b a n c e  a m plitude  
lo w e rs  the mean v e l o c i t y  a t  the c e n t e r l i n e .
F or the 1 .0  Hz fr e q u e n cy  the re s p o n se  a m p litu d e  i s  la r g e  c l o s e  to  the 
d is t u r b a n c e ,  but i t  f a l l s  o f f  r a p id ly  to  the le v e l  o f  the 0 .2 5  Hz freq u en cy  
w it h in  5 p ip e  d ia m e te r s . The mean v e l o c i t y  p r o f i l e ,  how ever, changes much 
m ore than the change from 0 .2 5  to  0 .5  Hz. A t the R ey n o lds  number o f  1000 the 
minimum mean v e l o c i t i e s  a t  the c e n t e r  l in e  w it h in  the f i r s t  10 d ia m e te rs  
dow nstream  o f  the d is t u r b a n c e  a re  2 , 1 .7 , and 1 .3 f o r  th e  0 .2 5 ,  0 .5  and 1.0  
Hz f r e q u e n c ie s  r e s p e c t i v e ly  f o r  a d is t u r b a n c e  a m plitu de  o f  1 .0  in ch .
The lam inar f lo w  r e s u l t s  a re  o f  in t e r e s t  t o  com pare w ith  r e s u l t s  a t  a 
R ey n o lds  number o f  2100. F ig u re s  9 , 10 and 11 show d i f f e r e n c e s  from  the
F ig . 9 . C e n te r lin e  re s p o n se  a m p litu d e  1 .3 8 -cm d ia m e te r  tu b e , HRc ■ 2100, 
0 .2 5  Hz fr e q u e n c y .
0 .5  Hz fr e q u e n c y .
1 .0  Hz fr e q u e n c y .
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p r e v io u s  r e s u l t s .  The 0 .2 5  Hz d i s t u r b a n c e  has the maximum re s p o n s e  a m p l i t u d e s ,  
and the d i l u t e  po ly m er  cu r v e  peaks a f t e r  the w a t e r  c u r v e .  A l s o  the l a r g e r  
d i f f e r e n c e s  be twee n water and the d i l u t e  po ly m er  a r e  at  0 . 2 5  Hz r a t h e r  than 
0 . 5  Hz. At t h i s  R e y no lds  number the c h a r a c t e r  o f  the r e s p o n s e  ch a ng ed ,  how ever.  
There appeared  t o  be two f l o w  l e v e l s  which c o u l d  be s t a b i l i z e d  when w a t e r  was 
the f l u i d ,  p o s s i b l y  r e p r e s e n t i n g  laminar  and t u r b u l e n t  f l o w .  T h is  was not  
noted w ith  a f r e s h l y  prepare d  S eparan  s o l u t i o n .  An o ld  Separa n  s o l u t i o n  which  
had been  used i n t e r m i t t e n t l y  f o r  s i x  months d i s p l a y e d  d i f f e r e n t  p r o p e r t i e s .  
Laminar v e l o c i t y  p r o f i l e s  were e s s e n t i a l l y  the same as f o r  the f r e s h l y  p r e ­
pared s o l u t i o n .  The m i l d e s t  d i s t u r b a n c e s  a t  low Re y no lds  numbers a l s o  gave 
the same r e s u l t s .  The more s e v e r e  d i s t u r b a n c e s  i n  lam inar f l o w  and a l l  c a s e s  
a t  the Reyno lds number o f  2100 showed o n l y  a s l i g h t  r e d u c t i o n  in  re s p o n s e  
a m pli tude  compared to water  and the two l e v e l s  were  p r e s e n t .  The f r e s h l y  
prepare d  s o l u t i o n  was mixed in  c o n c e n t r a t e d  form one da y ,  then mixed up to  
the re q u i r e d  co n c e n t r a t i - o n  on a se cond  day and used  a f t e r  s t a n d i n g  24 ho u r s .  
B e fo re  any measurements were made the s o l u t i o n  was c i r c u l a t e d  throug h the f l o w  
system f o r  one hour or  a p p r o x im a t e l y  three  t u r n o v e r  times o f  the s t o r a g e  tank. 
This f r e s h  s o l u t i o n  d id  not show the t w o - f l o w  l e v e l s  u n t i l  tne f l o w  r a t e  was 
dou b led  to  a R e y n o ld s  number o f  4000 .
At the R e y no lds  number o f  2100 F ig .  12 shows the mean v e l o c i t y  a t  the 
c e n t e r l i n e  in a l l  c a s e s  i s  r e t u r n i n g  to the lam inar  f l o w  l e v e l  at  60 d i a m e t e r s .  
Other  d a t a  f o r  w a t e r  at a R eyno lds  number o f  2250 show a s i m i l a r  t re n d .  I t  
was not p o s s i b l e  in  the fl o w  sy ste m  to  measure f u r t h e r  downstream w it h o u t
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F ig .  12. C e n t e r l i n e  mean v e l o c i t y  developm en t 1 .3 8 -cm  tu b e , NRe -  2100 
f o r  w a te r  and S eparan.
p l a c i n g  the d i s t u r b a n c e  i n  the e n t r y  r e g i o n  o f  the  p i p e .  The e f f e c t  o f  
c h a n g in g  the f r e q u e n c y  i s  shown c l e a r l y  on F ig .  12.  The d i s t u r b a n c e  pr oduced  
by t h i s  g e n e r a t o r  le ad s  t o  a d i m e n s i o n l e s s  wave s p e e d ,  >^f/U, between  1 .0  and 
1 .2  at t h i s  R e y n o ld s  number f o r  a l l  the f r e q u e n c i e s .  T h e r e f o r e  tne 0 .2 5  Hz 
d i s t u r b a n c e  has gone  through  l e s s  than two c y c l e s ,  the 0 . 5  Hz d i s t u r b a n c e ,  
t h r e e  c y c l e s  and the 1.0  Hz d i s t u r b a n c e ,  s i x  c y c l e s  on F i g .  12. The minimum 
i n  the mean v e l o c i t y  a t  the c e n t e r  and the  maximum r e s p o n s e  a m pli tude  vary 
w ith  the downs tream  d i s t a n c e  a c c o r d i n g l y .  At 60 d i a m e t e r s  the 20 ppm Separan 
s o l u t i o n  has re t u r n e d  to  the u n d is t u r b e d  mean v e l o c i t y  and the f l u c t u a t i o n s  
a r e  a t  the n o i s e  l e v e l  o f  the u n d is t u r b e d  sy stem .
An o th e r  ch a n g e  in  the b e h a v i o r  o f  w a t e r  but no t  the d i l u t e  po lym er  s o l u ­
t i o n  i s  shown by the e f f e c t  o f  ch a n g e s  in  a m p l i t u d e  and f r e q u e n c y  a t  a p o i n t .  
F ig u re  13 shows the re s p o n se  a m p l i t u d e  v s .  d i s t u r b a n c e  a m p l i tu d e  w it h  d i s t u r b ­
ance f r e q u e n c y  a s  a para meter f o r  both w a t e r  and the po ly m er  s o l u t i o n .  The 
po lym er s o l u t i o n  has the same b e h a v i o r  a t  lower R eyno lds  numbers, and w ater  
behaves s i m i l a r l y  to tne d i l u t e  polymer e x c e p t  f o r  a h i g h e r  re s p o n se  a m p l i t u d e  
For w a t e r  in  the t r a n s i t i o n  ra n g e  e i t h e r  g r e a t e r  d i s t u r b a n c e  a m pl i tude  or 
g r e a t e r  f r e q u e n c y  low er s the r e s p o n s e  a m pl i tu de .
A l though  the  c e n t e r l i n e  b e h a v i o r  shows r e p r e s e n t a t i v e  t re n d s ,  t h e se  c u r v e  
do  not  show the form o f  the r e s p o n s e .  T y p i c a l l y  the re s p o n s e  c u r v e s  f o r  a l l  
c o n d i t i o n s  us in g  a f r e s h  20 ppm Sepa ran s o l u t i o n  a r e  s i n e - l i k e  waves at the 
same f r e q u e n c y  as the d i s t u r b a n c e .  Rare c o m b in a t i o n s  o f  d i s t u r b a n c e  modes 
c o u l d  be d e t e c t e d  as shown in  F i g .  14a. In w ater the r e s p o n s e s  vary  from 
s i n e  waves to  random f l u c t u a t i o n s  as the f r e q u e n c y  i s  i n c r e a s e d  at a l l  
R e y no lds  numbers s t u d ie d .  A d i s t u r b a n c e  f r e q u e n c y  o f  0 . 2 5  Hz was a lways
F ig . 13. C a n t e r l in e  re s p o n se  a m p litu d e  v s .  d is tu r b a n c e  a m p litu d e  a t  2 3 .6 
cm fr o m  the d i s t u r b a n c e .
ipnr vvwv 'YVY1
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a) Separan, 0 .5 H z
WWW,
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b) W a te r  , 0 .5  Hz
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c) W ate r ,  NRe = 2100
F ig .  14. Response  s i g n a l s  i l l u s t r a t i n g  unusua l b e h a v io r .
w e l l  r ep rod uced  in  the f l u i d  w h i l e  the 1 .0  Hz f r e q u e n c y  r a r e l y  showed up a f t e r  
one wave length  downstream. E i t h e r  random f l u c t u a t i o n s  were noted o r  o n e - h a l f  
the  f r e q u e n c y  appeared  in  most c a s e s .  The 0 . 5  Hz f r e q u e n c y  showed the most 
v a r i a t i o n s .  P a r t i c u l a r l y  i n t e r e s t i n g  was the growth and de c ay  o f  an in te r m e d ia te  
pea k.  F ig u re  14b shows the change downstream as one pa rt  o f  a peak de cay s  and 
a no the r  a p p a re n t ly  remains s t a b l e .  In F i g .  14c the s t a b i l i z i n g  e f f e c t  o f  the 
0 .2 5  Hz d i s t u r b a n c e  i s  shown. The bottom o f  the wave r e p r e s e n ts  a tu rb u le n t  
l e v e l  in  the  p i p e .  A 0 .5  Hz d i s t u r b a n c e  ca n  b a r e ly  be d i s t i n g u i s h e d  over the 
t u r b u l e n c e .
DISCUSSION
The response  o f  pure water t o  d i s t u r b a n c e s  o f  0 .2 5  to  1 .0  Hz f r e q u e n c y  
in  laminar and t r a n s i t i o n  fl o w  shows tha t the lower fr e qu e n c y  d i s t u r b a n ce  
e x c i t e s  a few modes in  the p ipe  w hic h  d e c a y  downstream and are  r e a d i l y  
o b s e r v a b l e .  The h ig h e r  f r e q u e n c y  d i s t u r b a n c e  r e s u l t s  in  the e x c i t a t i o n  o f  
a l a r g e  number o f  modes,  pronounced f l a t t e n i n g  o f  the v e l o c i t y  p r o f i l e ,  and 
a pparent  decay  downstream o f  random f l u c t u a t i o n s  o f  l e s s  ampl itude  than the 
lower  fr e que ncy  r e s p o n se s  at l e a s t  up to  Rey no lds numbers o f  2250. In 
t r a n s i t i o n  flow the downstream d i s t a n c e  a t  which the re s po nse  ampl itude  
re a c h e s  a peak i s  moved c l o s e r  t o  the d i s t u r b a n c e  than in  laminar f l o w .
This o c c u r s  p o s s i b l y  beca use  tu rb u le n ce  i s  d e v e lo p e d  and the re spo nse  a m pl i ­
tude d r o p s  in  the t u rb u le n t  fl o w  i f  i t  i s  m ainta ined superimposed on the 
f l o w  a t  e l l .  The r e s u l t s  tend t o  c o n f i r m  those o f  Fox, e t  a l . ,  who show 
the lower l im it  o f  tne s t a b i l i t y  cu r v e  i n  the same fr e qu e n c y  range. The
b e h a v i o r  f o r  laminar f l o w ,  however ,  i s  a l s o  i n t e r e s t i n g  and not  c o m p le t e ly  
e x p l a i n e d .
The p o s s i b i l i t y  that the  t r a c k in g  system co u ld  not  f o l l o w  the chang es  ha., 
been c o n s i d e r e d .  Tape r e c o r d i n g s  run at  one q u a r t e r  o r  t w ic e  the speed f a i l e d  
to  g iv e  any d i f f e r e n t  r e s u l t s .  The data  were repea  ted s e v e r a l  times w it h  no 
d i f f e r e n c e s  a t  0 .2 5  or 1.0  Hz and o n l y  s l i g h t  chang es  in  v e l o c i t y  p r o f i l e  at 
0 . 5  Hz. The 0 .5  Hz was p r o b a b ly  near the l i m i t  o f  fo rm in g  s t a b l e  modes in 
the f l o w  as noted i n  the e x p e r im e n t a l  r e s u l t s .  The long  wave lengths observed  
f o r  t h e se  low f r e q u e n c y  d i s t u r b a n c e s  i n d i c a t e  that long  le n g t h s  o f  p ip e  are 
n e c e s s a r y  to  make m e a n in g fu l  measurements on f l u i d  re s po n se s  to  f l u c t u a t i o n s .
The d i l u t e  po lymer s o l u t i o n  s t u d ie d  in  t h i s  work behaved l i k e  a t l u i d  
w ith  a h i g h e r  v i s c o s i t y  than water  a t  the c e n t e r  o f  the p i p e .  In laminar 
f l o w s ,  the c o n d i t i o n  p r e s e n t  up to  a f l ow  r a t e  f o r  which w ater  has a Rey nol ds 
number o f  2100, the re s p o n se  o f  the polymer s o l u t i o n  was more ra pid  than 
w ater  and the f l u c t u a t i o n s  in  g e n e ra l  were reduced in  a m pl i tude .  The rapid
re s p o n se  ca n  be a t t r i b u t e d  t o  the a b i l i t y  o f  la rg e  volumes o f  the f l u i d  to
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a c t  t o g e t h e r  as o b se rv e d  by Shaver and M e r r i l l .  Then the fr e que ncy  range 
0 .2 5  to  1 .0  Hz d o e s  not have the same s i g n i f i c a n c e  in  the d i l u t e  polymer 
c a s e  as i t  does  f o r  w ater .  F re q u e n c ie s  which g enera te  i n t e r a c t i n g  mode, or 
le a d  to  t u r b u l e n c e  must be h ig h e r  than the 1 .0  Hz used h ere .  I t  i s  a l s o  
p o s s i b l e  tha t  se co nda ry  f l o w s  a re  g e n e ra te d ,  but t h i s  was no t  in v e s t i g a t e d .
L in e a r  p l o t s  o f  phase angle  v s .  downstream d i s t a n c e  i n d i c a t e  that the 
modes a t  the c e n t e r l i n e  have  the same wave v e l o c i t y  or that a s i n g l e  mode 
i s  e x c i t e d .  More d e t a i l e d  a n a l y s i s  o f  the data  i s  ne ce s sa ry  to c o n s id e r  
t h e se  o s c i l l a t i o n  modes. Only sm a ll  d i f f e r e n c e s  in  wave le n gth  were noted 
between w ater  and the d i l u t e  po lymer a t  the c e n t e r  o f  the p i p e .  Major 
d i f f e r e n c e s  between the two f l u i d s  may be i n  the mechanism o f  p r o p a g a t i o n  o f  tne 
d i s t u r b a n c e  from the g e n e ra t o r  to  the f l u i d  and the mechanism o f  e x c i t a t i o n  o f  
the i n t e r a c t i n g  modes.
This study  ha s shown that  the la se r  Dopp ler v e l o c i m e t e r  with  s u i t a b l e  
e l e c t r o n i c  t r a c k in g  can be used in  s t a b i l i t y  s t u d ie s  o f  p ipe  f l o w .  S tu d ie s  
a re  c o n t i n u i n g  on the re s p o n se  o f  o th e r  polymer s o l u t i o n s  and at h igh e r  f r e ­
q u e n c i e s .
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SYMBOLS
D “  p ipe  di am eter
f  “  f r e q u e n c y ,  Hz
NRe * Reyno lds  number
r “  pi pe  r a d i a l  d i s t a n c e
R * p ipe  ra d ius
U * a verag e  v e l o c i t y
um “  mean v e l o c i t y  o f  f l u c t u a t i n g  fl ow
u' "  am pli tude  o f  v e l o c i t y  f l u c t u a t i o n
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ea x i a l  d is t a n c e  
s c a t t e r in g  a n g le  
X “  w ave len gth
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